ABSTRACT This paper proposes a novel circularly polarized electromagnetic band-gap (EBG) antenna array backed by an artificial magnetic conductor (AMC) that operates in the 26-32-GHz bands. The designed antenna is a 2 × 2 Yagi-Uda antenna array that uses the directors' semicircles to direct the radiation in the horizontal end-fire direction. The feeding of the array is designed with two parallel T-junction portions forming a parallel feeding network that converts the polarization from linear to circular. An AMC is placed underneath the antenna to suppress the backward radiation and obtain the propagation only in the +z plane. The novel approach is based on the fact that EBGs are placed around the array to give to the antenna, beamswitching capability. This simple technique provides a high beam tilting angle of +90 • from the end-fire to the full broadside plane. The final EBG-AMC-antenna array is circularly polarized and presents, at 29 GHz, a gain of 11.9 dBi, and an axial ratio bandwidth of 10% from 28 to 31 GHz. By assessing the high antenna performances presented in this paper, and the high angle beam-switching capability by adding the EBG, the novel array could be seen as a potential candidate for implementation in future 5G applications.
I. INTRODUCTION
Millimeter-wave (MM-wave) circularly-polarized (CP) antennas with planar configuration have attracted numerous researchers because of their robustness, low cost and high radiation efficiency. For some MM-wave applications, such as 5G applications, broadband high-gain antennas with circular polarization are preferable because of their ability to resist to multipath effects, polarization mismatch and weather conditions (i.e. rain or snow) [1] , [2] .
Various methods can be used for realizing a CP beam antenna. A first technique employs polarizers [2] , [3] . If a multilayer configuration [4] is used, then a wide bandwidth can be obtained but both the losses and length of the antenna are increased because of the additional element, the polarizer. A second technique uses only one feeding port and has a compact configuration, but the downside of this technique is that,
The associate editor coordinating the review of this manuscript and approving it for publication was Jaime Laviada. a narrow bandwidth is usually obtained [5] . A third method, called the multi-feeding technique, has two to four feeding ports that are excited with equal amplitude and 90 • phase difference. A popular multi-feeding technique is the sequential parallel feeding method. It consists in using four singlefeeding radiating elements that are rotated clockwise or anticlockwise resulting in an improved axial ratio (AR) bandwidth with minimum losses [7] .
In [7] a 2 × 2 CP microstrip antenna array that operates in Ka-band is presented. The antenna shows a maximum measured gain of 13.59 dBi at 29.3 GHz and an axial ratio lower than 3 dB in between 28.4 GHz and 30 GHz. Still, the authors do not give any insight into how to switch the main beam direction of radiation. In [8] a 60 GHz CP antenna array for line-of-sight train-to-train communications is proposed. The antenna shows high directivity and a wide bandwidth from 55.1 GHz to 60.5 GHz. The disadvantage of this antenna is that it has a thickness of 792 µm which makes it difficult to integrate in certain devices. A planar CP substrate integrated waveguide (SIW) stacked patch antenna array that consists of four sequential-rotation (SR) subarrays in Ka-band is presented in [9] . The antenna demonstrates a 20.32 dBi gain, a working bandwidth of 29.6% and an AR bandwidth of 25.4%. The downside of this antenna is that it is very difficult to realize and it only radiates in the broadside direction.
Tilting the beam of an antenna can be achieved by using electronic or mechanic devices. These types of antennas are capable of changing their main direction of radiation and they can represent a highly attractive solution for 5G wireless networks. Electronic devices use active elements like PIN/varactor diodes and RF MEMS switches [10] that result in gain dropping when the beam is tilted. Mechanical devices conserve the gain and can obtain a wider scan angle. More recently, periodic structures (high impedance surfaces, frequency selective surface (FSS) [11] , electromagnetic band gap (EBG) [12] , artificial magnetic conductor (AMC) [13] and split ring resonators [14] ) have started to play a key role for obtaining a tilted beam antenna because they exhibit bandpass and bandstop properties, they are easy to fabricate and they are low cost. Sievenpiper et al. [15] have presented a tunable impedance surface with vias that use multiple varactor diodes and can obtain a beam steering of ±40 • at 4.5 GHz. Dadgarpour et al. [14] have proposed a 5×4 double G-shaped resonator array that works in H-plane for tilting the beam of a bow-tie antenna at 3.5 GHz by ±32 • . However, the proposed approach uses a multilayer structure that can increase the complexity of the antenna and the cost. In [16] , a single layer FSS structure with double configuration has been placed under the directors of a Yagi-Uda antenna for obtaining a measured beam-tilting from +23 • to −29 • in the end-fire direction at 30 GHz. Mantash et al. [17] have proposed a flexible reconfigurable pattern antenna using an AMC in Ka-band. The AMC-antenna exhibits five beam-tilting angles in H-plane with a gain of 12.1 dBi at 29.5 GHz. It was also demonstrated that by using a SPDT switch, the main beam can be electronically tilted in the elevation plane from Table 1 the performances of various beam steering antennas proposed in literature are shown in comparison with the antenna proposed in this study.
To change the direction of the radiation pattern from endfire to full broadside, a new technique based on using an EBG structure is proposed in this paper. The EBG structure is placed around a CP antenna in order to provide beamswitching capabilities. This resulted in a high beam tilting angle, of +90 • . To the best of our knowledge, the beam tilting angle obtained here is three times higher than all known proposals presented in Table 1 . This approach allows the antenna array direction of radiation to be dynamically controlled. When the system is used without EBG, then the circularly polarized wave, obtained by employing the sequential feeding, is directed into the end-fire horizontal plane (0 • ). At the same time, by using a mechanical device, the EBG can be placed around the antenna, resulting in a beam tilting of 90 • , with better performance (gain and axial ratio band enhancement). This innovative, refined and effective approach can give to the antenna multiple uses. A possible antenna usage scenario is represented in Fig. 1 . Fig. 1 (a) presents a scenario where during a meeting the synchronization between the computers of four users is needed. In this case, the antenna array, without EBG, can be used for transmitting/receiving data. Moreover, after the meeting has ended, a Cloud transfer or Cloud synchronization (5G communication) can be performed. The user can place his smartphone over the AMC-antenna, with EBG in this case (see Fig. 1(b) ), and the transfer of the saved data can easily begin. By only taking this example, the novel antenna could be used to facilitate and decrease the time needed in a meeting. Indubitably, other usage scenarios for this antenna array can be envisioned for 5G communication networks. The steps pursued for realizing the antenna array are explained in Fig. 2 . The article is structured as follows: in Section II the various elements that form the antenna array are studied, including the periodic structures involved in the realization. In Section III, the design procedure is explained step by step. Section IV presents the experimental results that validate the proposed antenna, and Section V concludes that paper. 
II. DESIGN OF THE ANTENNA ARRAY AND PERIODIC STRUCTURES A. END-FIRE ANTENNA
Classical Yagi antennas are based on metallic bars from which the directions, reflectors and half-wavelength dipole are realized. The half-wavelength dipole is directly fed by a transmission line while the directors/reflectors act as parasitic radiators whose currents are obtained by mutual coupling. The parasitic elements in the front of the half-wavelength dipole act as directors while in the rear they act as reflectors. In order to obtain an end-fire beam the directors are smaller in length than the dipole. More recently, printed Yagi antennas were developed. These antennas are widely used because they are low-cost, low-profile, highly versatile and have high efficiency.
The antenna chosen for this study is an end-fire Yagi-Uda antenna, presented in Fig. 3 , which has microstrip feeding. It is essentially made of a driven dipole and 10 semicircles, with an overall size of 39 mm × 10 mm (Length × width) and is printed on a Rogers RO3006 substrate with permittivity of ε r = 6.15 and thickness of h = 0.254 mm.
The 3D simulated radiation pattern of the single element antenna at 29.25 GHz is shown in Fig. 3(b) . The directive beam is oriented in the end-fire direction with a maximum gain of 6.89 dBi.
The principle of operation for this antenna (Fig. 3(c) ) is no different than the one for the classical Yagi-Uda antenna explained above with the only difference that the driven dipole and semicircles are printed on both sides of the substrate. This allows for a wider balun feed from the microstripline to the driven dipole. Furthermore, the truncated ground plane acts as a reflector.
In Fig. 4 , the simulated reflection coefficient of the single element antenna including the connector is shown and from the results obtained the single element resonates at 30 GHz and covers the frequency band (29 GHz -31.4 GHz) with a maximum realized gain of 6.89 dBi at 29.25 GHz. It can also be observed that an increase of 130% in bandwidth is obtained when the 2 × 2 antenna array with EBG and AMC is used.
B. SEQUENTIAL FEEDING AND ARRAY DESIGN
The feeding network used here will convert the linearly polarized antenna into a circularly polarized beam antenna. In Fig. 5(a) all the parameter values for realizing the feed, carefully optimized to obtain a sequential feeding at 30 GHz, are shown. The feeding network is based on the models presented in [2] and [24] . In this work, one novelty consists in the fact that the array is fed by a coaxial feed in one location while the models presented in [2] and [24] are based on microstrip line feeding. This novel approach minimizes the antenna length and the cost without any decrease in performance. The network is composed of two T-junction sections, which include an anti-phase feeding network and two 90 • phase difference feeding portions. The Input (Port 1), seen in Fig. 5(a) , is an anti-phase equal power divider that gives an 180 • phase difference in between the output ports. To obtain a 90 • phase difference for each output of the feeding network, each output of the anti-phase divider is connected to another power divider. The 50 ohms impedance obtained at the output of each port depends on the length and width of each T-junction.
The simulated S-parameters of the isolated parallel feeding network are presented in Fig. 6 . The S(1,1) is lower than -15 dB in the frequency band 25 to 35 GHz (Fig. 6(a) ). Each output port has an almost 90 • phase difference from the other ports in the studied frequency band (Fig. 6(b) ). The 2 × 2 antenna array with the feeding network will then be printed on the Rogers RO3006 substrate, as shown in Fig. 5(b) . The corresponding CST Microwave Studio simulation results are presented in Fig. 4 . The simulated reflection coefficient in dB shows that the novel antenna array has an increased bandwidth (26.5 to 31.61 GHz), and a maximum realized gain of 9.33 dBi at 29 GHz. By comparing the reflection coefficient results of the single element Yagi-Uda antenna with the antenna array, a very good increase in bandwidth, of 130%, is obtained for the array. The simulated realized antenna array gain and total efficiency are represented in Fig. 7 . We have calculated the total efficiency by determining the ratio in between the radiated power to the input power of the antenna and then multiplied the result with the antenna's loss due to impedance mismatch. The 2 × 2 antenna array has a gain that ranges from 8.3 dBi to 9.33 dBi and a good total efficiency of 94.3%-94.6%. 
C. ELECTROMAGNETIC BAND GAP UNIT-CELL
The design of the chosen unit-cell is represented in Fig. 8(a) . In this article, an EBG structure that works in the 28 -32 GHz band is developed. The proposed structure has a hive shaped form. The length of the hexagon unit cell is of 2 mm and the periodicity of 0.3 mm. In Fig. 8(b) , the simulated transmission coefficient of the 2 × 3 EBG structure is shown. From the obtained results, a transmission coefficient lower than −10 dB is achieved in the band between 28 GHz to 32 GHz, making the unit-cell ideal for our purposes. This means that in this frequency band, the electromagnetic wave will not propagate resulting in beam tilting of the antenna array. 
D. AMC UNIT-CELL
A plentiful number of research articles have had as sole focus the replacement of the perfect electric conductor (PEC) reflector plane for low-profile antennas as a means of increasing the antenna performance [13] . This is why, in this article, an AMC is associated to the antenna, to reduce the backward radiation and also to increase the performance of the antenna array regarding the gain, the quality factor and the bandwidth. A square loop AMC with 8 strip lines placed in a circularly form around the square is used. The proposed AMC design is shown in Fig. 9(a) . One AMC unit-cell has the size of 2.5 mm × 2.5 mm, the periodicity of 0.4 mm and is printed on a Rogers RO4003C substrate with the permittivity of ε r = 3.38 and the thickness of h = 0.508 mm.
An AMC is defined in the frequency band where the phase of the reflection coefficient is between −90 • and 90 • , or more exactly, in the frequency band where interference occurs in between the incident and reflected waves. Floquet theory was considered in CST Microwave Studio for simulating the AMC. From the results shown in Fig. 9(b) , the AMC works in the 28 -33 GHz frequency band. The unit-cell AMC is then arranged in a 140 mm×140 mm array to form the AMC array that will be placed under the antenna to reduce the backward radiation.
III. EBG-AMC-ANTENNA ARRAY DESIGN
The approach chosen for realizing the antenna is shown in Fig. 10 . The total size of the antenna that includes the sequential feeding and EBG structure, is 140 mm × 140 mm. Compared with the antenna element, the refection coefficient of the EBG-antenna array, represented in Fig. 4 , shows a 130% increase in bandwidth. Because the EBG works in the same frequency band as the antenna array then its impact over the S 11 of the antenna will be negligible. The goal is to change the direction of the end-fire radiation without diminishing the performance of the antenna by using the EBG structure.
Since the EBG structure presents a stop band in the same frequency band where the 2 × 2 antenna array works, then the beam will be deflected from the azimuth plane to the elevation plane, resulting in a beam tilting angle of 90 • and an increase in performance. Thus, a beam switching system can be realized, depending on the needs of the user and the application.
The antenna array does not have a ground plane so the radiation will propagate in the ±z plane. Furthermore, by leaving the EBG-antenna array without ground plane could decrease the total performance of the antenna. The solution proposed in this paper, for prohibiting the backward radiation from propagating is to use an AMC structure. The final design of the EBG-antenna array with AMC is shown in Fig. 11 . As it can be observed, the AMC array has the same dimensions as the antenna array and is placed 3 mm underneath the antenna. A crucial aspect, that has to be taken into account, is the mutual coupling between the antenna and the AMC plane. If the coupling is extremely strong, that this will greatly affect the antenna array performance. To prevent this behavior, the AMC array is changed as follows: the unit cells from the center region of the AMC plate that are located exactly underneath the feeding network of the antenna array are removed. The gap where no AMCs can be found has the dimensions of 50 mm × 50 mm. Also, a small slot is cut in the AMC substrate to accommodate the connector. In Table 2 the performances of all antenna configurations are shown and compared. From the results, it can be distinguished that by adding the sequential feeding network and designing the antenna array, the simulated realized gain increased from 6.8 dBi to 9.3 dBi at 29 GHz. An average gain improvement of 2.5 dBi is obtained at the studied frequencies when the antenna array is employed. At the same time, the simulated realized gain of the antenna array, with EBG in this case, increased by 1.3 dBi and 2 dBi at 29 GHz and 30 GHz, respectively.
A very good gain percentage increase, of 36%, compared to the single element antenna is obtained. In addition, when the AMC structure is added, the simulated realized gain increased again by 1.3 dBi at 29 GHz, and remained constant at 30 GHz by comparison with the EBG-antenna array. A good agreement is obtained between the simulated and measured realized gain for the final structure (EBG-antenna array over AMC).
In terms of AR bandwidth, it can be clearly seen that it remains almost constant when the EBG and AMC are added to the antenna array, from 28 to 31 GHz.
The single element antenna presents a working bandwidth of 2.4 GHz, the antenna array of 5.11 GHz, the EBG-antenna array of 5.2 GHz and the final EBG-AMC-antenna array of 5.5 GHz. A more than 130% increase in bandwidth is obtained for the final structure compared to the single element Yagi-Uda antenna. In conclusion, the working antenna bandwidth increased exponentially with each element added.
To validate the proposed antenna design, the 3D radiation patterns of the different antenna configurations, were simulated using CST Microwave Studio, and are depicted in Fig. 12 . The objective of this research is to design a structure that offers beam steering capabilities. From Fig. 12(a) it can be seen that when the 2×2 antenna array using the multifeeding method is simulated, a realized gain of 9.33 GHz is obtained at 29 GHz and the maximum radiation is directed in the end-fire direction. When the EBG periodic structure is placed around the antenna, the maximum radiation is directed into the broadside direction (±z plane), as it is shown in Fig. 12(b) . The realized gain also increased by 12%, arriving to 10.6 dBi at 29 GHz. Furthermore, by placing the AMC underneath the antenna, the backscattered wave is minimized and, at the same time, the gain augmented again, reaching 11.9 dBi at the same frequency. This means a gain increases of 21.6% and of 11% compared to the antenna array alone and with the EBG-antenna array configurations. The 3D radiation pattern of the EBG-antenna array over AMC at 30.5 GHz is also shown in Fig. 12(d) . A maximum realized gain of 10.9 dBi is reached. Moreover, it can be observed that, at 30 GHz, the radiation pattern has a more uniform and directive shape than at 29 GHz. This can be explained by the fact that the EBG and AMC have been optimized to work especially at 30 GHz.
IV. EXPERIMENTAL RESULTS
To justify and validate the proposed final antenna (EBGantenna array on AMC), a prototype was fabricated and shown in Fig. 13 . Here, to avoid getting mechanical flaws, the EBG was printed directly on the same substrate of the array. It means the antenna substrate is expanded. Another prototype could be realized only for the EBG structure that will take place the antenna around using a mechanical technique. An AMC (Fig. 13(c) ), was fabricated and placed 3 mm underneath the EBG-array. Four thru were realized in the four corners of the structure so that the AMC can be then screwed to the back of the antenna by using plastic bolts. A 2.92 mm (K) connector is placed on the back of the EBG antenna array just like it is laid out in Fig. 13(b) . The final simple and elegant design, with the dimensions 140 mm × 140 mm, is displayed in Fig. 13(d) .
The simulated and measured reflection coefficients of the EBG-antenna array on AMC are presented in Fig. 14(a) . The measured magnitude of the reflection coefficient is obtained VOLUME 7, 2019 by using an Anritsu M54647A 70 GHz vector network analyzer. A good agreement is obtained between the simulation and measurement results. It can be noticed that in between 26.2 GHz and 31.7 GHz the reflection coefficient is lower than −10 dB, confirming that the antenna works in the desired frequency band. The final bandwidth of the antenna is of 5.5 GHz. It can also be seen that the measured resonant frequency shifted slightly to higher frequencies and this can be attributed to the fabrication tolerance of the antenna elements (permittivity of the substrate) and the presence of the connector.
The axial ratio of the final EBG-array over AMC is also simulated and measured and it is shown in Fig. 14(b) . The antenna exhibits a 3 dB axial ratio bandwidth from 28 to 31 GHz with a fractional bandwidth of 10.17%. This indicates that in the desired frequency band, the antenna has circular polarization, especially at 30 GHz where the AR became 2.9 dB. The peak realized antenna gain and radiation patterns of the proposed antenna are measured in a MM-wave anechoic chamber using the gain comparison approach. This technique entails that the received power of a reference antenna and prototype antenna is measured and the gain is determined by taking into account the difference in between the two received powers. The simulated and measured normalized radiation patterns at three frequencies, in the H-plane (broadside) are shown in Fig. 15 .
From Fig. 15 it can be observed that the measurement is in good agreement with the simulation for all studied frequencies and that the backscattered wave is minimal. In addition, the maximum measured realized peak gain was found to be 11.2 dBi, when employing the AMC at 29 GHz.
V. CONCLUSION
A novel circularly polarized EBG-array antenna on AMC has been presented in this paper. The proposed antenna provides a full beam tilting from 0 • to 90 • with CP capabilities, it is low cost and it can be easily manufactured, as opposed to literature antennas that either have no CP, have low tilting angle or are very difficult to realize. The single element antenna used to realize the design is a Yagi-Uda antenna. For obtaining a circularly polarized beam, a sequential feeding network with four output ports having 90 • phase delays placed in an anti-clock-wise sequence is necessary. Here, as opposed to using a microstrip line for alimenting the antenna, a coaxial feeding in one location has been proposed. This technique simplifies and minimizes the design.
The proposed approach consists in placing an EBG around the antenna array, giving it a good beam switching functionality. A full beam tilting from the end-fire direction to the broadside direction is observed, resulting in a beam switching from 0 • to 90 • . An AMC has also been placed under the antenna to stop the backward radiation and increase the performance.
Proof-of-concept was demonstrated in the possible 5G frequency band (28 -31 GHz). A measured working bandwidth of 5.5 GHz, realized gain of 11.2 dBi and an AR equal to 2.9 dB have been obtained for the final antenna design. In conclusion, this antenna array can represent a nice solution for future 5G applications.
